Calcium sulfoaluminate (CSA) cements are being developed using a novel processing method having as its objective lowering specific CO2 emissions by ~50% relative to a Portland cement benchmark. We need to be able to measure the properties of the products. Porosity and permeability measurements help define the engineering properties but their quantification is influenced by the choice of experimental protocols. In the present study we used ordinary Portland cement (PC) paste as a benchmark and hydrated ye'elimite, which is a main component of CSA cements, to understand its pore structure. We report on the use of synchrotron-sourced radiation for µCT (Computerized Tomography) and 3D image re-construction of the internal micro-pore structure of PC and ye'elimite-gypsum pastes. As a comparison, porosity and permeability measurements were traditionally obtained using Mercury Intrusion Porosimetry (MIP). The Mori-Tanaka method and the polynomial statistical model were used to analyze the effects of different 3-D micro-pore structures on mechanical properties. The results show that e micro-pore structures differ considerably between PC and ye'elimite pastes and their bulk modulus is significantly affected by the shapes of their micro-pore structures.
INTRODUCTION
The pores in cement systems have been studied because the content, size and interconnectivity of the pore network influences engineering properties, such as compressive strength and permeation by aggressive agents present in service environments. In Portland cement the smallest nanometer pores are associated with the presence of an open-structured gel while larger pores tend to be extrinsic and related to formulation, fabrication and cure. The pore networks have been studied at all length scales by techniques such as BET gas sorption, low angle X-ray scattering , mercury intrusion porosimetry and recently, by tomography [1] [2] [3] [4] . But new types of cement, such as calcium sulfoaluminate cements (shorthand, CSA) contain less gel and accordingly may have different pore size distributions and pore structures. We present a status report on the comparison of pore structures of two cements, one CSA, the other Portland, by MIP, microscopy and tomography.
EXPERIMENTAL
Two type of cement were used for preparing the samples: a commercial PC to CEM I 52.5R (BET surface area of 1.07 m 2 /g) and lab synthesized ye'elimite, 4CaO . 3Al 2 O 3 . SO 3 , (BET surface area of 0.67 m²/g). The Portland cement (PC) was mixed with water in a ratio of 0.32 water/cement. The ye'elimite was first mixed with 50% weight gypsum and sufficient water to achieve a water/binder weight ratio 0.64. Cement pastes were poured in 6 and 25 mm diameter cylinder molds and left curing in water at ambient temperature for 4-6 months. The specimens were characterized by means of conventional powder XRD using Cu Kα radiation, Mercury Intrusion Porosimetry (MIP) using a Micromeritics AutoPore IV 9500, Backscattering Electrons Microscopy (BSE-SEM) using a Zeiss EVO MA10 SEM with BSE detector, and Synchrotronbased micro-CT. The latter technique used the hard X-ray µCT at BL8.3.2 of the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory. Figure 1 shows a schematic of the instrumentation. The sample was mounted on the sample stage and rotated in the beam, while the 2-D detector recorded the transmitted beam. The transmitted images were detected by a PCO edge sCMOS camera (2560 × 2160 pixels) with a 2× lens, giving a 3.32 µm pixel size. The beam energy was 38 keV, and the images were reconstructed using the software Octopus 5 . Figure 1 . Schematic illustration of the hard X-ray µCT setup 6 .
DATA PROCESSING
The title authors developed MATLAB scripts for 3-D reconstruction and pore distribution capture. The procedure for pore classification previously suggested by Garboczi 7 was used for characterization. The procedure uses the inertia tensor, also known as the second moment of area, to classify the individual pores. As shown in Figure 2 , the principal axes of pore orientation is determined by the volume weighted ESPDF (Empirical Spherical Probability Density Function) approach:
where, is the orientation vector that lie in the angular sector : co-latitude (0 ≤ θ ≤ π) and longitude (0 ≤ φ ≤ 2π). In order to evaluate the contribution of individual pore shapes to the effective mechanical property, Drach et al. 8 introduced a dimensionless elastic modulus using the Mori-Tanaka method. For example, the parameter for bulk modulus indicating pore compressibility is given by:
where, K/K 0 is the ratio of effective to intrinsic modulus, p is pore volume proportion, and represents change in bulk moduli produced by the pores. Based on the dimensionless elastic
suggested a polynomial statistical model to predict from the second moments of individual pores 8 . The present study applied this procedure. 
RESULTS
XRD identified the main crystalline phases. As expected, the anhydrous PC samples contained di-and tricalcium silicate, traces of which persisted after hydration together with portlandite, gel of low crystallinity and ettringite. In the hydrated CSA samples major ettringite and traces of gypsum were detected. The total porosity, as measured by MIP, was 13% for the PC and 41% volume for the hydrated ye'elimite-gypsum sample. Figure 3(a) depicts the cumulative intrusion volume versus pore diameter obtained from MIP measurements. There is more pore volume in the hydrated ye'elimite-gypsum sample at all ranges, the highest differences appearing for the range 10 -2~1 0 1 µm 3 . Most pores in the ye'elimite sample are in the range 10 -1~1 0 0 µm 3 ; most pores in the PC sample are ~10 -6 µm 3 . However, the interpretation of the MIP measurement of the hydrated ye'elimite sample could lead to misunderstanding of its pore structure. This is because for the hydrated ye'elimite sample there is a mismatch in the comparison between MIP and µCT whereas the PC sample is in better agreement, as shown in Figure 3(b) . The appropriateness of the MIP measurement method has been questioned as a valid means of estimating pore size distribution in cement-based systems 9 . Essentially, MIP may be destructive and the results will vary with the nature of the pore connectivity. We have shown that hydrated ye'elimite has a more complex micro-pore structure, but the high MIP measurements of porosity are at odds with those obtained using µCT. They are furthermore incompatible with the observed bulk densities of the sample, which were estimated to be 1.7 and 2.4 g/cm³ for hydrated ye'elimite-gypsum and PC, respectively. BSE-SEM analysis revealed different pores 'morphology' in the ye'elimite sample compared to the PC sample, and also differences in the 'filling' of the pores. In the PC samples as shown in Figure 4 (a) most 'visible' pores are spherical shaped and almost empty. Some very small needles of ettringite can be seen inside some of the pores and cracks in Area 1 of Figure  4 (a). In the ye'elimite sample some pores seem to be spherical but partially refilled, as shown in Figure 4 (b). Figure 5 shows the 3D reconstruction of the pore structures from µCT measurements. The hydrated ye'elimite-gypsum sample shows a markedly different 3D pore K % Page 3 of 6 structure compared to PC paste. Some regions of the hydrated ye'elimite have clusters of micropores, which could be entrapped air voids. These different micro-pore structures affect the cumulative pore distributions shown in Figure 3(b) . These distributions show that the hydrated ye'elimite-gypsum has a larger volume of small-sized micro-pores than the PC paste. Using the analysis procedure described in the data processing section, the effects of individual pores on bulk modulus were obtained in Figure 6 . The overall bulk modulus of the hydrated ye'elimitegypsum is lower than PC, but the former has higher uncertainty with higher data dispersion. In other words, at equivalent porosities, the compressibility of the hydrated ye'elimite-gypsum mix is lower than that of the PC paste, but it can certainly have more outliers. 
DISCUSSION AND CONCLUSIONS
This is the first time that the micro-pore structure of hydrated ye'elimite-gypsum has been explored through µCT and MIP comparisons; its form, size and distribution are remarkably different from this of PC. We also found that the hydrated ye'elimite-gypsum has clusters of micro-pores, which may be entrapped air voids. Because of its more complex micro-pore structure compared to PC, MIP measurement yielded a different pore profile for the hydrated ye'elimite-gypsum than from µCT measurement. Hence we are encouraged to continue this line of investigation, but paying much greater attention to the formulation and preparation of CSA cement samples for porosity measurements. We also need more benchmarking to determine when pore filling occurs: is it a feature of fresh paste, or does it occur as a function of aging with internal transport, resulting in pore healing? The cracking also needs investigation: to what extent is it an artifact induced by preparation? The present study confirms that their different micro-pore structures affect the compressibility of hydrated ye'elimite-gypsum and this too has to be correlated with strength development and dimensional stability. It is apparent that computer tomography and novel, quantitative image reconstruction offer a unique, non-destructive tool for the study of internal pore structure of different cementations materials. Our objective is ultimately to understand and, one day, control the in-service behavior of these materials, to enhance both durability and mechanical performance.
